presence of unlabelled maltose or maltodextrins, whereas other mono-and disaccharides, such as glucose, galactose, sucrose, lactose or melibiose, had no effect. A protein with an apparent molecular mass of 39 kDa (maltose-binding protein; MBP) was identified in osmotic-shock fluid of maltose-grown cells by SDS-gel electrophoresis, and was purified to homogeneity by either amylose affinity chromatography or ion-exchange chromatography. Equilibrium dialysis experiments revealed the ability of the purified protein to bind [14C]maltose with high affinity (KD = 1.6 pM). Unlabelled maltose and maltodextrins competed for the binding site. In a reconstitution experiment, A. hydrophila MBP poorly restored the transport activity of a binding-proteindeficient Escherichia coli (AmalE) mutant. N-terminal sequence analyses of the purified native protein and of peptides generated by cleavage with CNBr and subsequently separated by HPLC revealed about 56 O/ O identical amino acid residues, as compared to enterobacterial MBPs. We conclude that maltose is transported into A. hydrophila via a binding-protein-dependent transport system.
INTRODUCTION
Maltose and maltodextrins can be utilized by a wide variety of bacteria as sole sources of carbon and energy. These include genera that are grouped in the 'purple photosynthetic bacteria' on the basis of 16s rRNA sequence comparisons, such as Paracocczls, Xantbomonas, Neisseria, the enteric group, Vibrio and Aeromonas, and also Gram-positive bacteria, such as Bacilhs, Stapbylococczls and Streptocacctrs (Woese, 1987) .
However, only in the case of Escbericbia coli and other Enterobacteriaceae has extensive knowledge concerning the uptake and degradation of these sugars been accumulated (reviewed by Schwartz, 1987 , and by Schneider, 1990) . These bacteria are equipped with an inducible bindingprotein-dependent (or periplasmic-) type of transport system that mediates the translocation of the nutrient across the cytoplasmic membrane at the expense of ATP.
Maltose (at micromolar concentrations) and maltodextrins pass through the outer membrane by facilitated diffusion through a specific channel (maltoporin or LamB). In the periplasm, the nutrient is bound with high specificity and high affinity ( K , approx. 1-2 pM) to a soluble binding protein, MalE or maltose-binding protein (MBP), and subsequently delivered to a hetero-oligomeric protein complex localized to the cytoplasmic membrane which, by a still unknown mechanism, translocates the solute into the cytoplasm. The transport complex is composed of one copy each of the hydrophobic integral membrane proteins MalF and MalG, and of two copies of the peripherally associated hydrophilic subunit MalK (Davidson & Nikaido, 1991) , which has been demonstrated to bind and hydrolyse ATP (Walter e t al., 1992) . Reconstitution experiments with the purified MalFGK, complex suggested that, upon interaction of the substrate-I<. HONER ZU BENTRUP a n d OTHERS loaded binding protein with domains of MalF and MalG exposed to the periplasm, MalK displays an ATPase activity, thereby coupling the transport process to the hydrolysis of ATP (Davidson e t al., 1992) .
Binding-protein-dependent transport systems have been described for a variety of substrates, including sugars, amino acids, oligopeptides, ions and vitamins (Ames, 1986) , and have been discovered in both Gram-negative and Gram-positive eubacteria. Due to the lack of a periplasmic space, in the latter organisms the binding protein probably remains associated with the surface of the cell membrane by its lipoprotein-like N-terminus (Gilson e t al., 1988) .
With respect to the general structural organization of the membrane-bound protein complex (two hydrophobic domains and two ATP-binding domains), and due to the presence of two short sequence motifs in the primary structure of the ATP-binding components, which have been proposed to constitute a binding domain for nucleotides (Walker et al., 1982) , these systems belong to a growing superfamily of transporters (ATP-Binding--Cassette transporters or traffic ATPases). Operating from bacteria to man, ABC transporters are involved in the uptake or export of a large variety of substrates (reviewed by Ames et a/., 1990; Higgins, 1992) .
In contrast to the Enterobacteriaceae, very little is known about the mechanism of transport by which other eubacteria accomplish the uptake of maltose and maltooligosaccharides. Thus far, only data on Gram-positive organisms are available. Based on experiments with whole cells and cell extracts, Tagney et al. (1992a, b) recently concluded that Bacilltrs strbtilis and Bacillus licbenifrmis transport maltose by a proton symport mechanism. The sequences of two hydrophobic membrane proteins from Clostridium thermosu@rogenes display significant similarity to MalF and MalG of E. coli, implying that this organism might possess a binding-protein-dependent type of transporter for maltose/maltodextrins (Bahl e t al., 1991) . In Streptococcus pneumoniae, the products of the genes malX, m d C and malD, which also show sequence homology with the E. coli proteins MalE, MalF and MalG, respectively, appear to be components of a maltodextrinspecific transporter that is, however, dispensable for the uptake of maltose (Puyet & Espinosa, 1993) . Similarly, a binding-protein-dependent transport system from Streptococcus mutans is required for growth on melibiose, raffinose and isomaltotriose, but insertional inactivation of the genes had no effect on growth on maltose (Russell et a/., 1992) .
Thus, in order to identify binding-protein-dependent transport systems that are specific for maltose and maltodextrins in non-enteric Gram-negative bacteria, we have screened for the presence or absence of maltoseinducible periplasmic proteins by SDS-PAGE. In the present communication we report on the identification and characterization of a maltose-specific periplasmic binding protein in Aeromonas bydrophila (MBP,.,.). Species of the genus Aeromonas are facultatively anaerobic Gram-negative rods which belong to the same phylogenetic subgroup but are clearly differentiated from the 'enterics' (Woese, 1987) . In particular, A. bydrophila, which is pathogenic to humans, is of interest because it secretes a wide range of extracellular proteins (Janda, 1985) , including an a-amylase (Gobius & Pemberton, 1988) and possible virulence factors (Chakraborty e t al., 1984 (Chakraborty e t al., , 1987 Leung & Stevenson, 1988) .
METHODS
Organisms and growth conditions. A . hydrophila (clinical isolate provided by R. Hollander, St Jiirgens Krankenhaus, Bremen, FRG) was grown at 30 "C in either rich medium (LB; Miller, 1972) or in minimal medium (VB; Roth, 1970) , supplemented with maltose (0-4%, w/v). E. coli strain HS3018 (malT"-1 dmalE444; Shuman, 1982) , kindly provided by W. Boos, Universitat Konstanz, FRG, was grown at 37 O C in minimal medium (VBC; Roth, 1970) , supplemented with glycerol (0*4%, v/v) as the sole carbon source. Purification of MBPA., by affinity chromatography. Osmoticshock fluid (8 ml) was dialysed extensively against 10 mM Tris/HCl, pH 7.5, and loaded on a crosslinked amylose column (2.6 x 10 cm) (Ferenci & Klotz, 1978) equilibrated with buffer at 4 "C. Subsequently, the matrix was extensively washed with buffer to remove contaminating proteins, and eventually the MBP was eluted by washing the column with buffer containing 10 mM maltose. Fractions containing binding protein were collected, concentrated by ultrafiltration and dialysed against buffer lacking maltose.
Purification of MBPA., by ion-exchange chromatography. Dialysed shock fluid (6 ml) was applied onto a DEAE-Sephacel column (2.6 x 14 cm) (Pharmacia) and washed consecutively with 10 mM Tris/HCl, pH 7.5, and the same buffer supplemented with 0.25 M NaC1. MBP,.,. was eluted by washing the column with buffer containing 1 M NaC1. The relevant fractions were collected, concentrated by ultrafiltration and dialysed against buffer.
SDSPAGE.
Electrophoresis was routinely performed according to Laemmli (1970) , using 10% (w/v) acrylamide. For the separation of peptide fragments generated by CNBr, the tricine system of Schagger & von Jagow (1987) was applied. The gels were prepared with 10% acrylamide and 6 M urea.
Maltose-binding activity of purified MBP,.,.
The binding of radiolabelled maltose to the MBP was determined by equilibrium dialysis. Purified MBP (160 pg in 0.1 ml) was dialysed for 24 h at 4 O C against 10 mM Tris/HCl, pH 7.5, containing increasing concentrations of [14C]malto~e [0.34 mM, 200 pCi ml-' (7.4 MBq ml-'); Amersham] (0-1-5 p M ; 2 ml total volume). Subsequently, the complete protein solution from the dialysis bag, as well as an aliquot (0.1 ml) from the buffer, were assayed for radioactivity by scintillation counting.
Transport assay. Transport of maltose was measured by uptake of [l4C]ma1tose. Cells of A . bydrophila were grown to late exponential phase in VB salts supplemented with maltose (0.4 %, W/V) as the sole carbon source, harvested, and washed twice in VB salts. Eventually, the cells were resuspended in VB salts containing chloramphenicol (0-1 mg ml-') to an OD,,, of 12.
Each transport assay (1 ml) contained 10 pl washed cells, 989 p1 VB salts and 1 p1 ['4C]maltose. At the indicated time intervals, Maltose-binding protein of Aeromonas bdrophila aliquots (180 pl) were filtered (on Schleicher & Schuell OE67 0.45 pm membranes) and washed with 5 ml VB salts. The filters were dried at 80 "C and counted in Hydroluma (Baker). Routinely, each assay was run in duplicate.
Reconstitution of maltose transport in E. coli. These experiments were essentially performed as described by Brass (1 986). Strain HS3018 was grown in VBC salts containing glycerol (0*4%0, v/v) to an OD,,, of between 0.3 and 0.6. A total of lo9 cells were collected by centrifugation and washed at room temperature with 0.1 M Tris/HCl, pH 7.5, and 0.1 M potassium phosphate buffer, pH 7.5 (1 ml each), respectively. Subsequently, cells were resuspended in 50 p1 0.1 M Tris/HCl, pH 7.5, containing 0.3 M CaC1, and purified MBP (15 mg ml-' final concentration). The mixture was shaken at 4 "C for 30 min and washed with 1 ml 0.9% NaC1. Finally, the cell pellet was resuspended in 1 ml VBC salts and kept at room temperature until used.
Cleavage of MBP with CNBr. Purified MBP (0.5 mg) was incubated overnight at room temperature with 20 mM CNBr in 80% (v/v) formic acid (0.3 ml final volume) and subsequently evaporated in a SpeedVac (Savant). The pellet was washed twice with double-distilled water and dried again in a SpeedVac overnight. Finally, the pellet was dissolved in 80 pl 50 mM Tris/HCl, pH 8, and stored at -20 "C.
N-terminal amino acid sequence analysis. CNBr cleavage fragments were separated on a reverse-phase HPLC column (C4, Vydac), applying an acetonitrile gradient (0-70 YO) in 0-1 % trifluoroacetic acid. Peptide-containing fractions were collected manually into Eppendorf tubes based on a UV absorption at 210 nm and immediately dried in a SpeedVac overnight. Samples were stored at -20 "C. For sequence analysis, peptides from five well-separated fractions or purified mature MBP were dissolved in 50 % (v/v) acetonitrile and spotted on a glass filterdisc, pretreated with polybrene. The cycle used for sequencing was a slight modification of the NORM cycle designed for the model 473 A of Applied Biosystems.
Protein determination. Protein concentrations were determined by the method of Dulley & Grieve (1975) .
Vmax of 22 nmol min-l per lo9 cells (data not shown). These values are in good agreement with data reported for enterobacterial binding-protein-dependent transport systems for both maltose (Dahl & Manson, 1985) and other substrates (Ames, 1986) .
Purification and properties of a maltose-inducible periplasmic protein (MBPAeh.)
A . bydrophila was grown in rich medium in the presence or absence of maltose (0.2%, w/v) and subjected to an osmotic shock to release periplasmic proteins. After centrifugation, SDS-PAGE revealed a protein band with an apparent molecular mass of 39 kDa that was found in the concentrated supernatant of maltose-grown cells but was absent in the shock fluid of uninduced cells (Fig. 2,  lanes 2 and 3) . Since preliminary binding assays had indicated that the concentrated osmotic-shock fluid from induced cells exhibited a maltose-binding activity (not shown), we applied two different procedures to isolate the protein (also see 'Methods'). Both methods have been developed for the purification of the MBP from E. coli (Ferenci & Klotz, 1978; Dean e t al., 1992) . According to the protocol described by Dean e t al. (1992) , the concentrated and dialysed shock fluid was subjected to ionexchange chromatography, and bound proteins were eluted by increasing salt concentrations. Under these conditions, MBP,.,. eluted at 1 M NaCl (not shown). Alternatively, the 39 kDa protein was purified from the shock fluid by affinity chromatography using cross-linked amylose (Ferenci & Klotz, 1978) . Only those proteins which contain binding sites for maltose or maltodextrins are retained by the matrix, whereas contaminating proteins are found in the flow-through. Elution of bound proteins is conveniently achieved by the addition of maltose to the running buffer. As shown in Fig. 2, lanes 4 
RESULTS

Maltose transport by washed cells of A. hydrophih
We measured the initial rate of maltose transport for a maltose-grown culture of A. bydrophila. After the addition of a low concentration of [14C]malto~e (0.34 pM), transport was linear for 2 min and occurred at an average rate of 6.5 nmol min-' per lo9 cells (Fig. 1) . No uptake of radiolabelled substrate was observed with cells grown in the presence of glucose as the sole source of carbon and energy (not shown). The rate of maltose transport was completely inhibited when maltose-grown cells were preincubated with an excess of unlabelled maltose or maltodextrins (1 mM each) (Fig. 1) . In contrast, the transport rate was not significantly altered in the presence o f glucose (Fig. 1) and 5, both procedures yielded highly purified preparations of MBP,.,..
Western immunoblot analysis revealed only a very weak cross-reactivity of purified MBP, with an antiserum raised against the MBP of Salmonella typhimzrrizrm (MBPsmt.) (dilution 5 x while MBP from several enterobacteria exhibited strong cross-reactivities with the same antiserum, even at a 10-fold higher dilution (data not shown; see Brzostek et al., 1993) .
The ability of the purified protein to bind maltose was measured using equilibrium dialysis. Analysis of the data from three experiments revealed that MBP,.,. bound ['4C]malto~e with high affinity ( K , = 1.6 pM). This value is in excellent agreement with dissociation constants reported for enterobacterial MBPs (Dahl & Manson, 1985) . Binding of [14C]malto~e was fully blocked in the presence of 0.1 mM unlabelled maltose or maltodextrins, but only reduced to a minor extent by 0.1 mM galactose, lactose and sucrose (to 66 YO, 72 YO and 83 YO, respectively, of the control). Glucose or glycerol did not interfere with binding of radiolabelled maltose.
Reconstitution of maltose transport in E. coli (AmalE)
The defect in maltose transport of an E. coli (dmalE malTC) strain lacking the MBP can be overcome by introducing purified binding protein into the periplasm of calcium-permeabilized cells (Brass, 1986) . This method provides a convenient way to test whether foreign MBPs function in E. coli. We performed such a reconstitution experiment with MBP,.,., using the MBP,.,. as a control. The latter has been shown previously to restore transport as efficiently as E. coli MBP (MBP,.,.) (Dahl & Manson, 1985) . As shown in Fig. 3 , transport of [14C]malto~e into strain HS3018 was restored by MBP,.,,, with an initial rate of uptake that is highly compatible with data reported by Brass (1986) . In contrast, in the presence of MBP,.,a maltose uptake was observed only at a much reduced rate.
These results indicate that maltose-loaded MBP, .
, . is only poorly recognized by the membrane-integral components MalF and MalG of E. coli in order to initiate the subsequent translocation steps (also see below).
Sequence analysis of native MBP and CNBr-generated fragments
We determined the N-terminal amino acid sequence of MBP,.,. by using a gas-phase sequenator. Seventeen out of eighteen amino acids were clearly identified and could be aligned with the available N-terminal sequences of MBP from E. coli, Enterobacter aerogenes and S. typhimzrrizrm (Dahl e t al., 1989) (Fig. 4) . While the enterobacterial proteins are completely identical at the N-terminus (up to E28), the sequence from A . bydrophila revealed at least four amino acid replacements. Strikingly, however, these substitutions are located within the first ten amino acids, whereas the sequence from Ilel 1 to (at least) Asnl8 is fully conserved. This peptide segment includes Asp14 and Lysl5, the sidechains of which are involved in hydrogenbonding interactions of the E. coli binding protein and maltose, as revealed from the crystal structure (Spurlino e t al., 1991) .
In order to obtain additional information on the primary structure of MBP,.,., peptide fragments were generated by exposing the purified protein to CNBr, dissolved in 80% (v/v) formic acid. As shown in Fig. 5 , the cleavage N r i rp............................O.......................... ...A................................F......V.W  s.typhinui~.v..................v.....I.......................F......v..  A.hydrophilm C 4 + + C 4~~4 4~* +~4 4 C~4 C . . . . . . L I I . . . c c 4~~~4 4~~4 4~4~~4 c c c 4 4~4~~~~~~~c~4 4 . s...................................................x...   ~.typhi.urirp.....   .......... I.~....N.s...............................~ pattern on SDS gels clearly differed from that which was obtained with MBP,.,. .
CNBr-generated peptides were separated by HPLC, and the major peak fractions were subjected to sequence analysis. The sequences obtained from five such fragments are aligned best with the enterobacterial sequences as shown in Fig. 4 . Strikingly, most amino acid replacements are found in fragments B1 (residues 99-1 11) (for which an alternative alignment, allowing gaps, is also given in Fig.  4 ) and B2 (residues 188-211), in which variations among the enterobacterial proteins are also clustered. Both peptide segments are dispensable for substrate binding, as recently demonstrated by solving the three-dimensional structure of MBP,.,. (Spurlino e t al., 1991) as well as by linker insertion mutation (Duplay e t al., 1987) . However, the region between residues 207 and 220 in MBP,.,., to which peptide fragments B2 and B3 of MBP,.,. align, was suggested to be involved in the interaction of MBP with the membrane-integral components MalF and/or MalG of the transport complex (Duplay e t al., 1987) . This is in line with the observation described above that MBP,.,. hardly restored transport activity of an E. coli strain deficient in the MBP (Fig. 3) .
Together with the N-terminal sequence of the native protein, the peptide fragments comprise about 20 YO of the complete primary structure, taking into account the apparent molecular mass of 39 kDa on SDS gels. Given that the peptides are representative of the mature protein, A. bydrophila and the Enterobacteriaceae belong to the same major evolutionary branch (Woese, 1987) , exhibiting about 70% homology, based on rRNA/DNA hybridization experiments (Baumann & Schubert, 1984) . In addition, an S , , coefficient of 0.6 was determined from an analysis of 16s rRNA (Ochman & Wilson, 1987) .
Although only about 20% of the primary structure of MBP,.,. has been determined so far, the finding of 56Y0 identical residues and about 75% similar residues when compared to the enterobacterial MBP matches nicely with these values. However, with respect to structural and functional aspects, our data also revealed that the differences between MBP, . , . and enterobacteria appear to be more pronounced. This is indicated by the very weak cross-reaction with anti-MBP,.,. antiserum as well as by the poor performance of MBP,.,. in reconstitution experiments.
A special class of E. coli mutants with defects in the integral membrane components MalF and MalG, respectively, suggests that these proteins provide distinct binding sites for the substrate rather than forming a simple pore (Shuman, 1982; Dassa, 1993) . However, the molecular nature of such a binding site is still unknown. The comparative analysis of sequences of analogous proteins from different organisms would provide one way to approach this problem. However, thus far, such studies are hampered by the limited number of suitable sequences available. While the enterobacterial proteins d o not qualify for such an analysis due to their high sequence homology (> 90 YO) with each other (Dahl e t al., 1989; Schneider et al., 1992) , sequences from distantly related Gram-positive organisms, such as C. thermosuyurogenes (Bahl e t al., 1991) , Strep. mutans (Russell e t al., 1992) and Strep. pneumoniae (Puyet & Espinosa, 1993 ) display only about 25 '/o identity with the enterobacterial proteins. Moreover, the substrate specificities of these transporters are different or unclear. Therefore, sequence data on the membrane-integral proteins of an organism like A.
bydrophila, once available from the cloned genes, might turn out to be well suited for proposing putative maltose/maltodextrin-binding sites, thereby paving the way for the design of appropriate experiments. The purified MBP and a respective polyclonal antiserum (available shortly) will be useful tools in the course of cloning and sequencing the transport genes of this organism.
